INTRODUCTION
Noble-metal nanoparticles (Au, Ag, Pt, Pd) are of substantial interest for various scientific and technical applications. [1] [2] [3] [4] [5] Due to the small size effect and extremely large specific surface area, they exhibit a number of unique optical, electronic and catalytic characteristics compared to bulk materials. In particular, palladium (Pd) and palladium oxide (PdO) nanoparticles (NPs) synthesis has gained considerable interest in the last few decades due to their numerous potential utilizations. 3, [6] [7] [8] [9] [10] [11] Pd NPs, in particular, show high activity and selectivity in numerous catalytic processes. [6] [7] [8] Pd is the metal used for the catalytic formation of C-C bonds, one of the most useful transformations in organic synthesis. Concerning PdO, it has been typically used as catalysts in 3 catalytic combustion of natural gas (methane) 9, 10 or liquid-phase oxidation of alcohols with oxygen. 11 For these reasons, since the seventies, a huge variety of homogeneous catalytic systems based on Pd(II) or Pd(0) have been studied and have become a strategic tool for organic transformation and total synthesis. Because sustainable development involves the utilization of reusable catalysts, the search for new catalytic systems to replace existing homogeneous ones is one important issue. 8, 12 In this context, the immobilization of nanoparticles on a solid support is an interesting alternative since the catalyst can be recycled by simple filtration. Furthermore, immobilizing nanoparticles onto solid supports can minimize atom-ion leaching from the particles. 8, 12 Palladium has the potential to play a major role in virtually every aspect of the envisioned hydrogen economy, including hydrogen purification, storage, detection, and fuel cells. [13] [14] Palladium is also used as a precoating materials for electroless deposition of copper used for micro contacts, and many electronic devices, such as resistors, use compositions containing palladium.
For all these applications, distribution of nanoparticles in a patterned form may be more suitable and, since the majority of unique nanoparticles properties are highly microstructuredependent, forming Pd and PdO arrays on solid supports with a precise control of nanoparticles dimensions and spacing is an important issue.
In order to fabricate an ordered array of nanoparticles, it is possible to deposit nanoparticles onto a solid substrate from a solution of nanoparticles. However, a perfect array of nanoparticles is rarely achieved, particularly over an extended area, because of uncontrolled formation of defects in the self-assembling process of the nanoparticles induced by the solvent evaporation. 15, 16 Alternatively, effective fabrication of a two-dimensional array of nanoparticles on solid 4 substrates has been demonstrated by the utilization of block copolymers in a self-assembled arrangement. 17, 19 A di-block copolymer molecule consists of two polymer chains attached with one end. It can self-assemble to form a nanoscale structure with a domain spacing that depends on molecular weight, segment size, and the strength of interaction between the blocks. [20] [21] [22] A typical periodicity is in the range of 10-200 nm. In linear AB diblock copolymers, the following four equilibrium morphologies have been identified in numerous systems: lamellar, hexagonally packed cylindrical, bicontinuous gyroid, and body-centered cubic, close-packed spherical. [20] [21] [22] The use of block copolymers trapping nanoparticles has been proposed as a tool to prevent particles aggregation and produce uniform size nanoparticles. [17] [18] [19] Advantages arise from the possibility of inducing long range order in the block copolymers nanostructures and, correspondingly, in the positioning of nanoparticles. Long-range alignment of nanostructures in block copolymer films can be obtained through the control of solvent evaporation, using electric fields or chemical or mechanical patterning. 23 Nanodomains of self-assembled BCPs may act as hosts for sequestering nanofillers producing ordered nanocomposites with different morphologies, [17] [18] [19] the size and shape of which may be conveniently tuned by changing the molecular weights and compositions of the BCPs. 24 The key for the engineering of these materials is the ability to control the final morphology of BCP nanostructures and to achieve a selective infiltration of nanoparticles in the target nanodomains.
Here, we report a simple method to fabricate arrays of palladium (Pd) species and palladium oxide (PdO) nanoparticles with tunable dimensions and lateral spacing by using polystyreneblock-poly(ethylene oxide) copolymers (PS-b-PEO) as both stabilizers for nanoparticles and templates for controlling their distribution. The volume fraction of PEO blocks in the copolymers 5 has been selected in order to obtain a cylindrical microphase-separated morphology, in which the PEO blocks form a hexagonal array of cylinders in the PS matrix. Thin films characterized by a high degree of perpendicular orientation of PEO cylinders over large areas have been obtained.
The cylindrical self-assembled nanostructure formed from PS-b-PEO block copolymers has been used as host for selectively sequestering a nanoparticles precursor (palladium(II) acetate) in PEO domains. Then, two different methods have been used to obtain Pd NPs from the precursor in presence of the BCPs: electron irradiation of the thin films containing the BCPs and palladium precursor, and reduction in solution by thermal treatment before the preparation of the thin films.
In both cases, highly ordered nanocomposite thin films based on PS-b-PEO matrices and Pd will be denoted as SEO; the second, with higher molecular mass, will be named HSEO (Table 1) .
Palladium(II) acetate (Pd(Ac) 2 ) (98 %) and toluene have been purchased from Sigma-Aldrich. and crystallization (T c ) temperatures of the PEO blocks of the two samples of PS-b-PEO. 
RESULTS AND DISCUSSION
Characterization of block copolymers. We have used two samples of PS-b-PEO block copolymers, SEO and HSEO, with almost the same composition but different molecular mass of both PS and PEO blocks (Table 1) .
Samples with volume fraction of PEO blocks around 20% have been purposely selected in order to obtain a cylindrical phase-separated morphology. The PEO block is crystalline with melting and crystallization temperature of 50-65°C and -25°C, respectively (Table 1 , see also Figure S1 of supporting information). According to literature, the crystallization temperature of PEO in PS-b-PEO copolymers is lower than that observed in PEO homopolymer (40 °C). 31, 32 Wide angle X-ray scattering (WAXS) profiles of the as received SEO and HSEO block copolymers collected during the first heating scan are reported in Figure 1A and B, respectively.
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The WAXS profiles at room temperature (curves a of Figure 1A and B) show two distinct peaks centred at d = 4.6 and 3.7 Å (2θ (λ = 1.033 Å) ≈ 13 and 16°), corresponding to the 120 and 032
planes of the monoclinic form of polyethylene oxide (PEO), 35 superposed to an amorphous halo due to the contribution of amorphous phases of PEO and PS blocks. Increasing the temperature, the intensity of Bragg peaks decreases, due to gradual melting of PEO crystals, up to disappear at ≈ 60 °C, indicating the complete PEO melting, in agreement with DSC data (curve a and d of Figure S1 ).
Small angle X-ray scattering (SAXS) profiles of the as received SEO and HSEO samples, BCPs with PEO volume fraction of 20%. 36 The SAXS peak positions and the corresponding domains spacings are reported in Table S1 . From the d-spacings values of the first peak q 1 it is possible to determine the center-to-center distance between the PEO cylinders (d 1 /cos30°), that results of ≈ 35 nm in the case of SEO copolymer and ≈ 60 nm in the case of HSEO sample in the hypothesis of hexagonal morphology. As expected, a higher value is obtained in the case of the HSEO sample, according to the higher copolymer molecular mass.
The peaks of the hexagonal morphology are also visible after the PEO melting at temperatures higher than 60 °C (curves f and g of Figure 1A ' and curves d-f of Figure 1B' ) indicating a phase separated morphology also in the melt. 
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A drop of Q during the first heating (curves a of Figure 2 ) is observed at ≈ 60 °C for both SEO and HSEO confirming that the decrease of intensity in SAXS profiles is due to the PEO melting.
Similarly, a steep increase crease of Q occurs during cooling at T ≈ -30 °C (curves b of Figure 2) due to PEO crystallization, followed by a new steep decrease during second heating at T ≈ 40 °C (curves c of Figure 2 ) due to PEO second melting.
It is worth noting that the value of the reduced scattering invariant relative to the first heating scan of HSEO (curve a of Figure 2B) shows a shoulder at ≈ 80-90 °C, that is at temperatures slightly lower than the ordering process occurring at ≈ 100-110 °C (curves h and i of Figure   1B' ). This indicates that, after melting of PEO crystals, the ordering process of the nanostructure occurs only after relaxation of the amorphous PS domains at T g .
Thin films of neat BCPs and BCP nanocomposites containing Pd precursor. Thin films of
neat SEO and HSEO have been prepared by spin-coating dilute solutions (1.5 wt%) of block copolymers in toluene. Representative FESEM images are reported in Figure 3A Figure 4B , B'). Furthermore, whereas PEO cylinders loaded with Pd(Ac) 2 are oriented vertically to the substrate in HSEO ( Figure 4B , B'), they are oriented both vertically and parallel to the substrate in SEO ( Figure 4A, A' ). 
25
The 1 H NMR spectrum of the solid product obtained after 1 h reaction is reported in Figure 7 (curve a). The NMR signal at 6.9 ppm confirms the presence of the Suzuki reaction product, The presence of metallic Pd in our BCP-PdT nanocomposites and PdO NPs on the silicon support after removal of BCP has been confirmed by grazing incidence wide angle scattering (GIWAXS) experiments. Two dimensional GIWAXS images of our HSEO-PdT nanocomposite and silicon supports covered by PdO NPs obtained after the heat treatment are reported in Figure   S8 . The corresponding intensities read along the vertical cuts (indicated by red lines in Figure   S8 ) are reported in Figure 9 . 44 The uniform intensity distribution of the reflection along circles in Figure S8B indicates that the orientation of PdO nanocrystals is random.
The morphologies of thin films of neat HSEO, and nanocomposites HSEO-Pd(Ac) 2 
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